Abstract-The aim of the present cross-sectional study was to investigate whether activation of the renin-angiotensin system in renovascular disease affects the cytochrome P450 /-1 hydroxylase (20-hydroxyeicosatetraenoic acid ) and epoxygenase (epoxyeicosatrienoic acids [EETs]) pathways of arachidonic acid metabolism in vivo, each of which interacts with angiotensin II. Plasma concentration and urinary excretion of 20-HETE and EETs and their metabolites, dihydroxyeicosatrienoic acids, were measured in urine and plasma by mass spectrometry in 10 subjects with renovascular disease, 10 with essential hypertension, and 10 healthy normotensive subjects (control subjects), pair-matched for gender and age. Vascular and renal function were evaluated in all of the subjects. Plasma 20-HETE was highest in subjects with renovascular disease (median: 1.20 ng/mL; range: 0.42 to 1.92 ng/mL) compared with subjects with essential hypertension (median: 0.90 ng/mL; range: 0.40 to 2.17 ng/mL) and control subjects (median: 0.45 ng/mL; range: 0.14 to 1.70 ng/mL; PϽ0.05). Plasma 20-HETE significantly correlated with plasma renin activity in renovascular disease (r s ϭ0.67; nϭ10; PϽ0.05). The urinary excretion of 20-HETE was significantly lower in subjects with renovascular disease (median: 12.9 g/g of creatinine; range: 4.4 to 24.9 g/g of creatinine) than in control subjects (median: 31.0 g/g of creatinine; range: 11.9 to 102.8 g/g of creatinine; PϽ0.01) and essential hypertensive subjects (median: 35.9 g/g of creatinine; range: 14.0 to 72.5 g/g of creatinine; PϽ0.05). Total plasma EETs were lowest, as was the ratio of plasma EETs to plasma dihydroxyeicosatrienoic acids, an index of epoxide hydrolase activity, in renovascular disease (ratio: 2.4; range: 1.2 to 6.1) compared with essential hypertension (ratio: 3.4; range: 1.5 to 5.6) and control subjects (ratio: 6.8; range: 1.4 to 18.8; PϽ0.01). In conclusion, circulating levels of 20-HETE are increased and those of EETs are decreased in renovascular disease, whereas the urinary excretion of 20-HETE is reduced. Altered cytochrome P450 arachidonic acid metabolism may contribute to the vascular and tubular abnormalities of renovascular disease. (Hypertension. 2008;51:1-7.)
I
n the past 2 decades, the view that the cytochrome P450 (CYP) monooxygenase pathway of arachidonic acid (AA) metabolism affects blood pressure and contributes to the development of hypertension is supported by studies in several experimental models. 1, 2 However, little information is available on possible contributions of CYP products to essential hypertension (EH) and human renal vascular hypertension. 3 The role of angiotensin II (Ang II) in the development of hypertension and ischemic nephropathy in the experimental model of the 2-kidney 1-clip hypertension is evident, because a fall in renal perfusion pressure triggers renin release. Vasoconstriction, vascular remodeling, glomerulosclerosis, and interstitial matrix deposition implicate an array of mediators that operate downstream from Ang II. 4 CYP monooxygenases are expressed in the renal vasculature and nephron, 5 generating primarily 20-hydroxyeicosatetraenoic acid (20-HETE) by -and -1 hydroxylases and 5,6-, 8,9-, 11,12-, and 14,15-epoxyeicosatrienoic acids (EETs) by epoxygenases. The several individual isozymes that produce 20-HETE and EETs are independently regulated. For example, the rat 2C23 epoxygenase isozyme responds to a salt load by increasing expression and activity to augment synthesis of antipressor EETs. 6 20-HETE exhibits both pressor and antipressor activities. 7, 8 20-HETE mediates renal circulatory autoregulation 9 and contributes to pressure natriuresis. 10 One or more EETs may serve as endothelialderived hyperpolarizing factors. 11, 12 EETs are metabolized rapidly by epoxide hydrolases to dihydroxyeicosatrienoic acids (DHETs), which are generally viewed as biologically inactive with a few exceptions. 13 Inhibition of soluble epoxide hydrolase (sEH) produces increased EETs with decreased blood pressure in experimental and genetic hypertension in rats. 14 -16 Ang II stimulates 20-HETE synthesis in renal microvessels 7, 17 and decreases EET levels by downregulating epoxygenases and increasing their degradation by increasing expression and activity of sEH. 18, 19 These studies provide the rationale to the hypothesis that occasioned the present study; namely, metabolism of AA via CYP monooxygenases is altered in renovascular disease (RVD). To assess whether altered generation of eicosanoids derived from CYP AA metabolism occurs with activation of the renin-angiotensin system, we set up a cross-sectional study to measure 20-HETE, EET, and DHET levels in plasma and urine by paired analyses in hypertensive subjects with RVD that were compared with these levels in normotensive control subjects and those with EH.
Materials and Methods

Subjects
Three groups of subjects, pair-matched for gender and age, were studied: patients with RVD (nϭ10), patients with EH (nϭ10), and normotensive subjects (nϭ10). Hypertensive patients were recruited among those admitted to the hypertension unit of the Department of Internal Medicine, University Hospital of Verona. Diagnosis of RVD was based on angiographic evidence of severe stenosis (exceeding 70% of the lumen diameter) of a renal artery in hypertensive patients. 20 All of the subjects with RVD and EH were on antihypertensive treatment to normalize blood pressure. Those drugs, having a direct effect on the activity of the renin-angiotensin system, angiotensinconverting enzyme inhibitors, and Ang II type 1 receptor antagonists, were withdrawn Ն2 months before the study.
For a detailed description of selection and exclusion criteria, as well as clinical characteristics of patients and control subjects, please see the data supplement available at http://hyper.ahajournals.org.
Study Protocol
The protocol consisted of clinical evaluation, blood pressure measurement, analysis of endothelial function and vascular profile, and blood and urine sampling. Both patients with RVD and EH were hospitalized during the study and received a diet containing Ϸ150 mmol of sodium per day.
The urinary excretion of eicosanoids was evaluated from overnight urine collections (from 8 PM to 8 AM). The timing and total volume were recorded, and the samples (2 mL) of urine were stored at Ϫ80°C for the assay of derivates of AA by CYP metabolism after the addition of deuterated 20-HETE (Cayman Chemical Co), DHET, 8,9-EET, 11,12-EET, and 14,15-EET (Biomol) as internal standards.
Blood samples were collected from a peripheral vein for the measurement of plasma renin activity (PRA) in patients with RVD, EH subjects, and control subjects. Before blood sampling, patients were kept in the supine position for Ն1 hour. Blood samples were also taken to determine plasma glucose, total lipids and high-density lipoprotein cholesterol, homocysteine, and creatinine. Blood pressure was recorded (the mean of 3 readings) between 8 AM and 10 PM using an oscillometric device (TM-2551, A&D Instruments) with the subjects in the supine position for 30 minutes. Body mass index was calculated (kilograms per meter squared). Intima-media thickness of the common carotid artery was measured. Endothelial function was investigated according to the model of flow-mediated vasodilatation. 21 Applanation tonometry was performed at carotid level using PulsePen (Dia-Tecne). 22 For a detailed description of the methods used in the analysis of endothelial function and carotid arteries, please see the data supplement.
The study protocol had been approved previously by the ethics committee of the University Hospital in Verona. Informed written consent was obtained from all of the subjects.
Measurements of Eicosanoids
Free eicosanoids were directly extracted with 2 mL of ethyl acetate twice from plasma samples (0.4 mL) after adding internal standards (DHETs-d8 4.8 ng, 20-HETE-d6 4 ng, and EET-d8 12 ng) and acidified to pH 4 with acetic acid. For analysis of total eicosanoids, plasma was extracted with 2 mL of CHCl 3 /CH 3 OH (2:1) containing 0.1 mmol/L of triphenylphosphine as an antioxidant according to the method of Karara et al. 23 After frequent vortexing for 30 minutes, the mixtures were centrifuged at 2000g for 10 minutes, and the chloroform layer was transferred to another tube, dried under gentle nitrogen blow, and subjected to hydrolysis using 1 mL of 1 mol/L sodium hydroxide at room temperature for 90 minutes. The reaction mixtures were adjusted to pH 4 with 1 mol/L of HCl and extracted with 2 mL of ethyl acetate twice.
The urine samples (2 mL each) with internal standards added were first incubated with 0.2 mg of ␤-glucuronidase from Escherichia coli (in 0.075 mol/L of potassium phosphate buffer [pH 6.8] containing 1 g/L of BSA) for 2 hours at 37°C, and the samples were then acidified to pH 6 with 10% acetic acid. 24 The treated urine samples were applied to preconditioned Bond Elut-Certify II columns (Varian), washed with 2 mL of methanol/water (1:1), and then collected with 2 mL of hexane/ethyl acetate/acetic acid (75:25:1) for eicosanoid analysis.
The combined ethyl acetate extracts for each sample were dried and dissolved in methanol for high-performance liquid chromatography separation and gas chromatography/mass spectrometry analyses as described. 25 The ions m/z of 319 and 327 were monitored for endogenous and deuterium (d8)-labeled EETs, the ions m/z of 391 and 397 were monitored for 20-HETE, and the ions m/z of 481 and 489 were monitored for DHETs. The amounts of eicosanoids were calculated from their peak area ratios according to standard curves, respectively. Three plasma samples of each group were analyzed by liquid chromatography/mass spectrometry to estimate the EET composition as described. 25 
Additional Laboratory Tests
PRA was measured using a radioimmunoassay to quantify the amount of angiotensin I generated during 1 to 3 hours of incubation of plasma at 37°C and pH 5.7. The sensitivity of the assay was 0.25 ng/mL per hour, and its interassay variability was Ͻ11%. 26 Plasma homocysteine was measured by high-performance liquid chromatography. Tumor necrosis factor-␣ was measured by enzyme immunoassay (R&D Systems). The biochemical profile of the studied subjects was determined using a Technicon DAX 96 automated analyzer (Technicon Instruments).
Statistical Analysis
The Kruskall-Wallis test was used to compare variables in the 3 groups of subjects. The Dunn test was applied to posthoc pairwise comparisons. The Fisher's exact test was also applied when appropriate. Spearman coefficient (r s ) was calculated to quantify correlation between variables. PϽ0.05 was considered statistically significant. Data are expressed as the median and range in the text and as individual values in the figure, unless differently indicated.
Results
The baseline characteristics of the 3 groups of subjects are detailed in Table S1 . No statistically significant differences were observed in lipid profile, plasma glucose, and inflammatory markers displayed in Table S1 . Systolic and diastolic blood pressures were not different in the 3 groups of subjects; neither were the hemodynamic and vascular profiles shown in Table S2 , except for plaques of the internal carotid arteries, more frequently observed in RVD.
Hypertensive subjects with RVD differed significantly from EH and control subjects in having a higher plasma creatinine (RVD: 109.17 mol/L; range: 71.6 to 163.5 mol/L; EH: 80.8 mol/L; range: 52.1 to 95.4 mol/L; control subjects: 67.6 mol/L; range: 60.0 to 102.5 mol/L; PϽ0.05, RVD versus control subjects) and a lower creatinine clearance (RVD: 50.1 mL/min; range: 29.3 to 168.7 mL/min; EH: 79.9 mL/min; range: 51.5 to 134.5 mL/min; control subjects: 84.8 mL/min; range: 42.0 to 170.3 mL/min; PϽ0.05, RVD versus control subjects; Table S1 ). PRA was not significantly different in the 3 groups and was not significantly lower in RVD and EH patients receiving ␤-blockers than in patients receiving other antihypertensive drugs. However, PRA exceeded 0.5 ng/mL per hour in 6 subjects with RVD but only in 2 with EH and 1 normotensive subject.
Plasma and urinary levels of 20-HETE were significantly different among the 3 groups; subjects with RVD demonstrated the highest plasma and the lowest urinary values of 20-HETE ( Figure 1A and 1B). Plasma 20-HETE in control subjects was one third that of RVD, whereas urinary excretion of 20-HETE in control subjects was 2-to 3-fold higher. The urinary excretion of 20-HETE was reduced in patients with RVD whether expressed as micrograms per hour ( Figure  1B ) or when factored for urinary excretion of creatinine ( Figure 1C ).
Plasma EET concentrations were significantly correlated with hypertensive status (r s ϭ0.41; Pϭ0.026; Figure 2A ): the lowest value occurred in subjects with RVD (7.39 ng/mL) and the highest in control subjects (60.60 ng/mL). An estimation of the relative total epoxygenase activity of the 3 groups tested is available by obtaining the sum of plasma EETsϩDHETs for each group, which was also significantly correlated with hypertensive status; viz, control 32.5; EH 30.4; and RVD 18 ng/mL plasma (r s ϭ0.39; Pϭ0.035; Figure  2C ). The measurements of plasma EETs in control and RVD subjects reflect total EETs, ie, free and esterified. Plasma-free EETs were low, accounting for Յ3% of the total according to Karara et al, 23 which is in agreement with our findings, because these low levels of EETs were usually below the level of detection (0.5 ng/mL plasma) by gas chromatography/mass spectrometry in control and RVD subjects. The exception was the EH group, which exhibited plasma levels of free EETs between 0.9 and 10 ng/mL of plasma (4.7Ϯ1.1 ng/mL of plasma, meanϮSD), perhaps reflecting the reported increase in activity of plasma phospholipase A 2 in hypertensive rats. 27 Three plasma samples from each group were analyzed by liquid chromatography/mass spectrometry to detect regioisomeric composition of EETs. This analysis failed to discern differences among the 3 groups in their regioisomeric composition; the 14,15-EET predominated and the 11,12-EET was least. The average levels of 14,15-, 11,12-, and 8,9-EETs in the control subjects were 3.9Ϯ0.9, 2.0Ϯ0.9, and 4.7Ϯ1.3 ng/mL, respectively. In EH subjects, the average values were 3.7Ϯ0.6, 1.6Ϯ0.4, and 4.1Ϯ0.2 ng/mL, and in RVD subjects, 3.3Ϯ0.4, 0.6Ϯ0.1, and 2.4Ϯ0.7 ng/mL. The levels of 5,6-EET cannot be accurately estimated because of its lability.
Plasma concentrations of DHET, a major metabolite of EETs, were not significantly different in the 3 groups of subjects ( Figure 2B ). The ratio of plasma EETs/plasma DHETs provides an index of the activity of sEH. When the ratio is decreased (Figure 2D ), metabolism of EETs is increased, a factor contributing to elevation of blood pressure. 15, 28 The lowest ratio occurred in subjects with RVD, whereas that of control subjects was 3-fold greater. EETs 
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were undetectable in the urine of almost all of the samples (only 3 samples contained 0.05 to 0.25 ng/mL of EETs), whereas excretion of DHETs was similar in the 3 groups (RVD: 0.07 g/h; range: 0.02 to 0.22; EH: 0.07 g/h; range: 0.02 to 0.15 g/h; control: 0.06 g/h; range: 0.03 to 0.16 g/h; please see Figure S1E ). A statistically significant positive correlation between plasma 20-HETE and PRA was observed within the group of patients with RVD, as well as the whole study population (Figure 3 ). Plasma 20-HETE and plasma DHETs were positively correlated only when all of the subjects were included (r s ϭ0.538; Pϭ0.002; please see Figure S2 ). Similarly, a positive correlation was observed between plasma 20-HETE and plasma concentration of homocysteine (r s ϭ0.503; Pϭ0.005) and creatinine (r s ϭ0.460; PϽ0.02).
Discussion
The present study identified differences between subjects with RVD and those with either EH or normal blood pressure (control subjects) in terms of disparities between the 2 groups in their plasma levels and urinary excretion of EETs and 20-HETE and metabolism of EETs to DHETs. Subjects with RVD exhibited increased plasma 20-HETEs, reduced excretion of 20-HETE, decreased plasma EETs, and increased plasma DHETs. The present study does not offer proof of a causal role of these CYP-derived eicosanoid abnormalities in the development of RVD and hypertension. However, because EETs and 20-HETE are essential components of renal vascular and transport mechanisms that regulate blood pressure, 29 their alterations in RVD can be conditionally linked to elevation of blood pressure, as the following analysis will attempt to disclose.
Although PRA decreases soon after the development of renal artery stenosis, 4 Ang II still represents a primary stimulus via activation of Ang II type 1 receptor for the release of a number of bioactive compounds, including aldosterone, endothelin, and eicosanoids, 30 dently contribute to vasoconstriction, salt and water retention, vascular remodeling, renal fibrosis, and the decline in glomular filtration rate that ultimately determines the progression of the disease. 4 Furthermore, studies on 2-kidney, 1-clip renovascular hypertension in rats have shown that blocking the renin-angiotensin system prevented hypertension indefinitely. 31 In the present study, PRA correlated positively with plasma levels of 20-HETE in subjects with RVD ( Figure 3) . Ang II can activate the release of renal 20-HETE by stimulating the synthesis of 20-HETE at critical sites in the kidney: the preglomerular microvessels that determine renovascular resistance 7, 8, 17, 32 and a nephron segment, the medullary thick ascending limb, that contributes decisively to salt and water balance. 29 The pressor response to increases in circulating Ang II can be attenuated by inhibition of 20-HETE synthesis. 7 Furthermore, overexpression of an -hydroxylase isozyme, which increased the production of 20-HETE in blood vessels, caused endothelial dysfunction. 33 Either deficient or excessive renal production of 20-HETE was reported to elevate blood pressure. In the spontaneously hypertensive rat, increased renal 20-HETE contributes to elevation of blood pressure, 34 whereas in the salt-sensitive Dahl rat, reduced 20-HETE synthesis also elevates blood pressure. 35 The prohypertensive effects of either increased or decreased renal 20-HETE production depends on the principal site, either a nephron segment such as the TAL (decreased 20-HETE) or renal microvessels (increased 20-HETE) as the afferent arteriole, 29 that exhibits altered synthesis of 20-HETE. Increased synthesis of 20-HETE by preglomerular microvessels elevates renovascular resistance, reducing intravascular pressures in the medullary circulation, promoting movement of fluid into the vasa rectae with expansion of extracellular fluid volume and elevation of blood pressure. 36 By way of contrast, 20-HETE, which inhibits Na ϩ -K ϩ -2Cl Ϫ cotransporter activity in the TAL, 37 will promote Na ϩ reabsorption and elevate blood pressure when deficient, as in the Dahl salt-sensitive rat. 38 The 4 isoforms/isozymes of -hydroxylase that synthesize 20-HETE 29 are differentially localized in the kidney and individually regulated, eg, the 4A8 isoform is regulated by testosterone. 39 In addition, catalytic activities of the individual -and -1-hydroxylase isozymes vary by as much as 40-fold. 29 Decreased urinary concentration of 20-HETE ( Figure 1B) , associated with RVD, may reflect diminished 20-HETE production by nephron segments, the TAL and proximal tubules. As 20-HETE functions in these segments to inhibit Na ϩ reabsorption, 29,37,40 a deficiency will promote Na ϩ reabsorption and elevate blood pressure as occurs in the Dahl salt-sensitive rat. 38 The elevated plasma concentrations of 20-HETE in RVD occurred with decreased urinary excretion of 20-HETE ( Figure 1A through 1C) and probably reflects the multiple pathways for disposition of 20-HETE, namely, incorporation of 20-HETE into phospholipids, -and ␤-oxidation, and transformation of 20-HETE via cyclooxygenase into prostaglandin analogs. 41, 42 In addition, separate sites of origin, vasculature and renal tubules, can account for differences in plasma and urinary levels of 20-HETE. In humans, 20-HETE is excreted primarily as a glucuronide conjugate, 43 as we have confirmed in the present study. This pathway of 20-HETE excretion was not found in the rat but is greatly increased in human hepatic cirrhosis. 44 EETs in blood are primarily acylated at the sn2 position of phospholipids and capable of being released by phospholipase A 2 . 23 EETs are avidly incorporated into cellular phospholipids and "released at rates exceeding those for arachidonic acid." 45 Endothelial cells are a major site of EET incorporation, a process greatly enhanced by preventing hydrolysis of EETs by sEH, 13 because DHETs show negligible incorporation into phospholipids. 45 Thus, high levels of unbound EETs in the endothelium 13 presumably will increase circulating EETs that are mainly esterified in the phospholipids of circulating lipoproteins 23 (Figure 2A) .
Plasma concentrations of DHETs are lowest in control subjects ( Figure 2B ), presumably reflecting decreased activity of sEH contributing to the elevated plasma concentrations of EETs in control subjects (Figure 2A ). Vascular-free EETs can be increased by release from endothelial phospholipids; eg, bradykinin stimulates phospholipase activity to increase unbound EETs that exert antipressor effects by relaxing vascular smooth muscle. 46 On the other hand, the low levels of tissue/plasma EET concentrations in RVD may result from Ang II upregulating vascular endothelial sEH activity. 19 Diminished EET levels will augment 20-HETE vasoconstrictor activity, because 11,12-EET functions as a physiological antagonist of 20-HETE. 47 Deficiency of 11,12-EET has also been linked to salt-sensitive hypertension, because 11,12-EET inhibits the epithelial sodium channel in the rat collecting duct. 48 Moreover, impairment of 11,12-EET synthesis in mice produced by disruption of the gene-controlling EET synthase caused salt-sensitive hypertension. 49 
Perspectives
This study supports the hypothesis that CYP-dependent AA metabolism is altered by RVD. Decline in the urinary excretion of 20-HETE in RVD ( Figure 2C ) was suggested to reflect decreased 20-HETE production by the TAL and proximal tubules that may contribute to increased Na ϩ reabsorption in these tubular segments. 37 Circulating 20-HETE was positively correlated with PRA in RVD (Figure 3 ) and may contribute to elevation of blood pressure by increasing vasomotion and enhancing vascular reactivity. 29 Circulating EETs incorporated into phospholipids achieved plasma concentrations 2-to-3-fold higher in control subjects than in those with RVD ( Figure 2A ) and serve as sources of unbound EETs mobilized by vasoactive hormones to dilate blood vessels. 13 Finally, the reduced ratio of plasma EETs: DHETs ( Figure 2C ) in RVD and EH subjects; vis a vis control subjects, suggests increased sEH activity that will reduce EET levels and, thereby, decrease antipressor activity in RVD and EH (Figure 2A ). In conclusion, the present study sets the stage for further studies to address the involvement of the CYP pathway in primary and secondary forms of hypertension. 
